Introduction
In vitro models that recapitulate the complexity of in vivo tissues and organs have gained ever increasing attention for their use in a variety of biomedical applications such as drug development and toxicology, which can potentially replace expensive, time-consuming and controversial animal tests. 1, 2 As a result, the emerging field of "organs-on-chips" that integrate microfluidics with cell cultures have been continuously developed and shown to mimic important aspects of the biochemically dynamic characteristics in vivo. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] However, microfluidic systems are mostly engineered by soft lithography in polydimethylsiloxane (PDMS), which is labor intensive and usually can only produce microfluidic networks restricted to planar architectures that are inadequate to capture the intricacy of in vivo vascular networks. 15, 16 Additionally, PDMS permits significant diffusion of compounds in the vapor phase but not in the liquid phase. 17 Consequently, cells are cultured in a volume where they are either directly exposed to fluid flow supplying oxygen and nutrients or shielded from direct convective flow by integrating extra structural elements such as micropillar arrays or porous membranes. 12, 18, 19 Although direct exposure to shear stress is desired for certain types of cells such as endothelial cells, most in vivo tissues are perfused through an independent pervasive vascular network. PDMS has also been reported to deplete the transported media of low polarity compounds by absorption, which can be troublesome for many applications. 17 Therefore, new materials and methods for incorporating perfusable micro-channel networks of freely definable dense topology in diffusion-open and structurally stable materials are crucial for the development of advanced 3D in vitro models.
Recently, 3D printing or additive manufacturing has emerged as a promising and versatile tool to create true 3D constructs. 20 Extrusion-based printing, currently the most widely used technique in the field, has been utilized in combination with sacrificial molding to create vascularized tissue constructs by extrusion printing sacrificial filaments, such as carbohydrate glass, 21 agarose 22 and fugitive inks of Pluronics, [23] [24] [25] that are later cast into cell-laden matrices. Direct extrusion printing of overhanging structures is challenging as extruded materials tend to fold or collapse under their own weight. 26 Hence, most vascular networks demonstrated in extrusion printing so far have been rectilinear lattice architectures with limited topological complexity. 23, [27] [28] [29] [30] Furthermore, after the removal of sacrificial templates the formed channel networks are defined only by the matrices used for cell encapsulation, which are usually highly compliant hydrogels based on natural polymers such as collagen and gelatin. [22] [23] [24] [25] The latter materials are very well suited for 3D cell culture with in vivo-like mechanical properties and the possibility for cell-induced matrix remodeling, but the resulting constructs' high compliance and limited long-term structural fidelity and stability challenge their use as self-contained perfusable chip systems.
Our focus is to meet the challenge in establishing such mechanically stable, selfcontained, densely 3D perfusable chip systems capable of supplying oxygen and nutrients to an integrated 3D culture volume in a reproducible format and manufactured by a reproducible process. Direct high-resolution hydrogel printing of the perfusion channel walls instead of hydrogel casting of the walls onto printed sacrificial channel templates, as discussed above, will simplify the overall process with the caveat of fewer available wall materials. Stereolithography (SLA) has gained much interest due to its potential for 3D free-form printing at high spatial resolution in a parallel process to sustain useful volumetric print speeds. [31] [32] [33] SLA creates 3D constructs by light-induced solidification of a liquid resin layer-by-layer, most commonly by radical photopolymerization. So far, SLA based techniques have mostly been used for cell scaffolds with repetitive internal pore architectures such as woodpile, hexagonal or gyroid geometries, where transport of oxygen and nutrient is only mediated by passive diffusion instead of perfusion by convective flow. [34] [35] [36] [37] [38] [39] The use of SLA for in vitro models is still in its infancy, partly due to a shortage of demonstrated suitable cost-effective resins that can generate cell compatible, diffusion-open, and mechanically stable culture units.
We report the fabrication of SLA printed perfusion chip units where a confined cell culture volume is traversed and surrounded by perfusable vascular-like networks, as exemplified in Fig. 1a . By adopting medium molecular weight (MW) poly(ethylene glycol) diacrylate (PEGDA) for stereolithography, diffusion-open and mechanically stable self-contained perfusion chips are successfully manufactured. The resulting chips can subsequently easily be connected to an external pumping system through standard syringe needles and perfusion tubing. Steady perfusion of vascular-like channel networks and culture chambers through their respective sets of inlet and outlet, illustrated in green for the culture chamber and in red for the perfusion network in Fig. 1a , further allows the introduction of cell-laden matrices into geometrically defined volumes of the culture chip with independently defined vascular microchannel networks.
Results and discussion

Choice of resin components
An aqueous pre-polymer solution composed of monomer (PEGDA, Mn 700 g mol -1 ), photoinitiator (lithium phenyl-2,4,6-trimethylbenzoylphosphinate, LAP) and photoabsorber (quinoline yellow, QY) was employed for stereolithography. PEGDA, a synthetic polymer, has commonly been used for cell encapsulation in biomedical studies due to its cell compatibility and non-fouling property. Cell encapsulation typically uses higher MW PEGDA (Mn > 2000 g mol -1 ) since the resulting more compliant hydrogels of lower cross-linking density permit cells to proliferate and migrate. [39] [40] [41] Other researchers have used undiluted highly crosslinked low MW PEGDA (Mn 250 g mol -1 ) to manufacture microfluidic devices that resist swelling and are impermeable to water, and consequently impermeable to water-soluble nutrients. [42] [43] [44] Our aim is to manufacture the perfusion chip unit surrounding the encapsulated cells, and we consequently selected a medium MW PEGDA to produce mechanically stable, yet diffusion-open, compliant hydrogel constructs. 45 LAP and QY were selected because of their excellent water solubility and low cytotoxicity. 45, 46 The photoabsorber was used to limit the light penetration into the pre-polymer solution and thereby to achieve an optical Z resolution of the printer by matching its concentration to the printing process, as discussed in detail below. Importantly, printing in aqueous solution minimizes dimensional changes caused by post-printing swelling. The printed hydrogels reach their equilibrium slightly swollen state within 4 h after being transferred to a water bath (Fig. S1 in the ESI).
Perfusion of printed PEGDA microchannels with full 3D design freedom
First, we verified that printed fluidic networks can easily and stably be perfused.
Blunt needles, mounted to flexible micro-tubing connected to an external peristaltic pump, are inserted into printed channel connectors (Fig. 1b,c) . The connector inner diameter (0.7 mm) is designed to be slightly smaller than the needle outer diameter (0.8 mm) to enable a tight seal to the needle. The printed PEGDA hydrogels of shear modulus ~0.4 MPa (Fig. S2) withstand the needle insertion and form tight seals. 22, 43 Simultaneous independent perfusion of the separate channels of a dual channel scaffold is thus achieved (Fig. 1d , Movie S1). Stable leak-free perfusion for at least one week is routinely observed, documented by time-lapse video of steady-state diffusion concentration gradients of a perfused dye solution across the channel walls (Movie S2). Second, we printed a series of channel systems with increasing 3D complexity, which were afterwards successfully perfused (Fig. 1e-g , Movie S3-5).
These results show that perfusable channels with full 3D design freedom are easily accessible by our approach, while being a significant challenge using current PDMSbased microfluidic manufacturing processes.
Optimization of the spatial printing resolution for microchannels
Next, we explored the spatial resolution of the printer setup to address the difficulty in fabricating small diameter channels that are physiologically relevant (Ø < 500 µm). 26 The concept of stereolithographic printing resolution is not consistently considered in the literature where the reported achievable spatial resolution often refers to the level of detail of open-surface features instead of closed channel structures. 47 A more relevant resolution assessment of channel structures is the deviation of the printed dimensions of a sealed perfusable channel from the design dimensions. 42, 47 The distinction between open and closed channels using stereolithography is important, since the structural fidelity of a closed rectangular channel largely depends on the light penetration depth into the pre-polymer solution (Z resolution), while that of an open channel mainly depends on XY resolution pre-determined by the light exposure units of the printer. Deep light penetration leads to mechanically stable structures by ensuring strong bonding between neighboring layers (penetration into the previously formed layers), but also causes over-curing of the channel ceiling into the channel volume (penetration into the pre-polymer/uncured solution). Over-curing results in reduced vertical dimensions and sometimes even occlusion of the channel. By proper selection of the photoabsorber and its concentration, light penetration can be controlled to well match the layer thickness used for printing so that strong bonding between neighboring layers can be achieved with minimized over-curing. We investigated this combined effect of absorber concentration and layer thickness on the spatial resolution of the printed object by first printing sealed channels of square cross-sections at different absorber concentrations and subsequently characterizing both their horizontal and vertical dimensions. Optical microscopy of cross-sectioned printed channels show that channels as small as 100 µm × 100 µm can be printed using a layer thickness of 25 µm and medium absorber concentration (9 mg/mL). Use of a lower absorber concentration (6 mg/mL) leads to complete occlusion of 100 µm × 100 µm channels as well as substantial reduction in vertical dimensions of larger channels ( Fig. 2a,b ; darker areas as explained in the Materials and methods section).
Despite well-defined features of the printed 100 µm × 100 µm channels using 9 mg/mL absorber, as observed by optical microscopy, the resulting channels could not be perfused. A higher absorber concentration (12 mg/mL) was employed to minimize the risk of random channel occlusion but this resulted in mechanically unstable structures (data not shown). The layer thickness was then decreased from 25 µm to 20 µm to enhance the bonding between neighboring layers and consequently robust structures were successfully printed using 12 mg/mL absorber. With the optimized resin and printing procedure, microfluidic channels with cross-sections of 100 µm × 100 µm can be faithfully printed (Fig. 2a,c) and are fully functional, as demonstrated by successful perfusion of a single channel stepwise narrowing from a cross-section of 400 µm × 400 µm to 100 µm × 100 µm after printing (Fig. 2d) . Native vascular networks use circular channel geometries that lead to homogenous wall shear stress, in contrast to the variable wall shear stress in rectangular channels. 48 Therefore, we also evaluated printing of circular geometries of decreasing diameters using optimized resin formulation. The resulting channel cross-sections are well defined, although the intrinsic grid geometry of the light exposure unit (a Digital Mirror Device) causes jagged perimeters of the smallest diameter designs (Fig. S3 ). To our best knowledge, few reports have shown the printing of perfusable freely designable micro-channels approaching the dimensions of larger arterioles and venules 49 in hydrogel materials.
Cell compatibility of the printed micro-perfusable chip constructs
We first investigated the cell compatibility of SLA printed bowl-shaped constructs (Fig. 3a) . Bowl structures were used since their overall planar bottom surface, without or with printed open channel structures, greatly facilitated visualization by microscopy of the cell number and distribution compared to closed microchannels.
Endothelial cells were used because ideally they should line the synthetic vascularlike channel wall to regulate solute transport and facilitate homeostasis as in the in vivo situation. 50 Prior to seeding, the surfaces of printed constructs were functionalized with cell adhesive gelatin-based ligands since pristine PEGDA hydrogel surfaces do not support cell attachment (Fig. S4 ). Gelatin methacrylate (GelMA) is widely used as a photocrosslinkable hydrogel matrix for accommodating live cells. 51 PEGDA structures with pendant unreacted acrylate groups were exposed to LAP-containing GelMA solution and subsequently to UV-A illumination. Seeded Human umbilical vein endothelial cells (HUVEC) adhered and assembled into a nearly confluent layer with negligible observable cell death after culture for 24 h ( Fig.   3b; Fig. S5 ), in support of the cell compatibility of the printed and modified constructs.
Next, we printed and exposed a circular channel (Ø 300 µm) with its inner wall functionalized with GelMA to a HUVEC cell suspension by perfusion. The use of a low GelMA concentration (10 mg mL −1 ) resulted in specific channel wall functionalization without unwanted bulk GelMA hydrogel formation in the fluidic channels. 52 After incubation for 24 h HUVEC cells lined the vessel-like wall (Fig.   3c,d ). This demonstrates the applicability of our light-based synthetic hydrogel printing and biofunctionalization approach to produce in vitro endothelialized fluidic channel systems with physiological complexity. It should be noted that the printed PEGDA walls will allow for diffusive paracrine signaling but not for direct cell-cell contact between the endothelial cells in the channel systems and the cells cultured in a separate printed compartment. This is current limitation of the system, which may be circumvented in future designs by including micro-fenestrations in the printed channel designs, as demonstrated previously in 2D microfluidic vessel models. Ø 180 µm, Fig. 4a,b ) only supported by a narrow bridge with diamond shaped fenestrations (Fig. 4a insert) . This design enables tissue cells to reside on all sides of the center channel. First, the independent perfusion of the channel network and the culture chamber using aqueous dye solutions demonstrates the ability to introduce different materials into distinct chip construct volumes (Fig. 4c) . The observed slight blur along the chamber and (Fig. 4d,f) . All channels of the vessel network were perfused, as evidenced by the cross-sectional view of the red fluorescence from bound rhodamine displayed in Fig. 4e . After the demonstration of chamber loading and channel network perfusion, long-term perfusion cultures were performed using such 3D culture chips. A higher fraction of live cells were observed after a week-long culture in the chips that were continuously perfused compared to the ones cultured in a static condition (Fig. S6) 
Materials and methods
Materials
Poly(ethylene glycol) diacrylate (Mn 700 g mol -1 , PEGDA) and Quinoline Yellow (QY) were acquired from Sigma-Aldrich and used as purchased.
LAP Synthesis
LAP was synthesized based on a previously reported procedure. 46 Briefly, at room temperature and in a nitrogen atmosphere, 3.2 g of 2,4,6-trimethylbenzoyl chloride (TCI America) was added dropwise to an equimolar amount of continuously stirred dimethyl phenylphosphonite (3.0 g, Sigma-Aldrich). The reaction mixture was stirred overnight, followed by the addition of a four-fold excess of lithium bromide (6.1 g, Sigma-Aldrich) dissolved in 100 mL acetone. The reaction mixture was then heated to 50 °C. After about 10 min, a white solid precipitate formed. The mixture was cooled to room temperature and then filtered under vacuum. The filtrate was washed 3 times with acetone to remove unreacted lithium bromide, and the remaining solvent was removed by vacuum.
GelMA Synthesis
GelMA was synthesized based on a previously reported procedure. 23 Briefly, a 100 mg mL −1 gelatin solution was first prepared by dissolving gelatin powder (Type A, 300 g bloom from porcine skin, Sigma-Aldrich) in Dulbecco's phosphate-buffered saline (DPBS) at 60 °C for 2 h with vigorous stirring. Then the solution temperature was lowered to 50 °C and 0.14 mL of methacrylic anhydride was added dropwise to the gelatin solution for each gram of gelatin in the solution (about 50% degree of methacrylation). The mixture was allowed to react for 4 h at 50 °C with vigorous stirring. The methacrylation reaction was then quenched by diluting the mixture with DPBS pre-warmed to 40 °C to a GelMA concentration of 45 mg mL −1 . GelMA was precipitated overnight by the addition of 100 mL ice-cold acetone to the diluted mixture. Acetone was then decanted from the precipitated GelMA, which was then dissolved in DPBS at 100 mg mL 
Activation of Cover Glass Surfaces
The PEGDA hydrogels were printed onto pre-treated cover glasses for the purpose of easy handling, calling for prior chemical activation of the glass surface to secure the printed PEGDA to the glass support. The treatment was based on a previously reported procedure. 54 The circular cover glasses (Ø 20 mm, VWR) were first cleaned via plasma treatment to remove organic contaminants. The cleaned glasses were then QY. After adding resin to the vat, the fabrication stage was moved close to the vat bottom. The first digital mask was projected for an extended time of 15 s to ensure proper attachment of the polymer to the cover glass. After the formation of the first layer, the stage was raised by 20 µm for each additional digital mask exposure. The first 10 layers (corresponding to ~200 µm thickness) were each exposed for 15 s followed by a gradual reduction of the exposure time to 3 s over the next 10 layers to minimize mechanical strain. All layers in the remaining part of the printed object, including all parts defining channel and chamber structures, were exposed for 3 s each. After printing, the object was immediately immersed in DI water for at least overnight to leach out remaining reagents and allowing it to reach its equilibrium swollen state prior to further use.
Cross-sectional Analysis of Printed Channels
Printed PEGDA hydrogel with square channels of varying dimensions were mechanically cut by a razor blade to allow for optical inspection of the channel shapes, as reported in Fig. 2 . Light will only be transmitted through the open channels during optical analysis if the axial channel orientation is exactly parallel to the impinging light rays, leading to random variations between cut samples in the channels appearing brighter or darker than the surrounding printed PEGDA in the acquired optical micrographs, depending on two cut faces being exactly parallel and exactly perpendicular to the channel orientiation. These variations are reflected in channels appearing darker in Fig. 2b and brighter in Fig. 2c . Optical analysis was in general found to be inadequate for reliable evaluation of the channel perfusability.
Perfusion of Printed PEGDA Microchannel Networks
Blunt stainless needles (Ø 0. ). 57 The reaction mixture was removed and the structures were washed with DI water 3 times before being immobilized in a 6-well plate using double sided adhesive tape. HUVEC culture medium was added to the well plate to submerge each structure and the whole plate containing the structures was sterilized by 20 min exposure of UV-C irradiation (254 nm, UV sterilization cabinet, Cleaver Scientific) in a laminar flow bench. The structures were immersed in HUVEC culture medium overnight to exchange the water in the hydrogel for culture medium. Before cell seeding, culture medium was partially removed so that each bowl structure was not submerged yet still moist. Then the culture medium inside each bowl was replaced with 100 µL HUVEC suspension. Cells were seeded at three densities, 7 × 10 , respectively, and cultured at 37 °C in 5% CO2 for 24 h.
Non-adherent cells were washed away using culture medium, and adhered cells were stained with calcein-AM (2 µg mL Composite microscopy images were generated using Fiji by combining the three fluorescence channels.
Endothelialization of Perfusion Channels
The inner walls of printed vascular channels were functionalized by perfusing 0.5 mL aqueous solution of 10 mg mL −1 GelMA and 10 mg mL 
Multi-furcated 3D perfusion culture constructs
Constructs with a separate culture chamber and channel networks were printed in PEGDA. The channels were first perfused with 1 mL of 20 µg mL . The culture chamber was then perfused with 0.5 mL of cell-laden GelMA solution, followed by 90 s of UV-A illumination. Both the intact sample and cross-sectional slices generated by manual cutting were then characterized by confocal laser scanning microscopy using excitation at 405, 488, and 555 nm.
Analysis of swelling properties
Solid PEGDA objects of size 10 mm × 10 mm × 3.5 mm were printed on a cover glass by stereolithography employing the same pre-polymer solution composition and printing conditions used for printing perfusion constructs. Immediately after printing, surplus water was removed by quickly touching the cuboid's surfaces with tissue, and its weight was determined. The sample was immediately reimmersed in DI water, and the procedure was repeated after 1, 2, 3, 4 h as well as after overnight immersion. The swollen cuboid was placed in an oven at 140 °C and the weight after overnight drying was used for calculating the volumetric swelling ratio (Fig. S1 ).
Analysis of mechanical properties
Solid PEGDA cylinders of Ø 6 mm and height 5 mm were printed on a cover glass by stereolithography employing the same pre-polymer solution composition and printing conditions used for printing perfusion constructs. The printed cylinders were released from the cover glass support by a scalpel and allowed to reach their equilibrium degree of swelling by immersion overnight in DI water. The mechanical properties of the still wet samples were analyzed on an Instron 5967 at a compression rate of 0.5 mm min -1 to a final extension ratio λ of 0.7. The data was analyzed using neoHookean rubber elastic theory for highly swollen hydrogels that predicts a linear dependence of the stress on λ-λ fibroblasts (green) and the PEGDA construct outline (transmitted light, gray).
